The Pif1 family of DNA helicases is conserved from yeast to humans. Although the helicase domains of family members are well conserved, the amino termini of these proteins are not. The Saccharomyces cerevisiae genome encodes two Pif1 family members, Rrm3p and Pif1p, that have very different functions. To determine if the amino terminus of Rrm3p contributes to its role in promoting fork progression at Ͼ1000 discrete chromosomal sites, we constructed a deletion series that lacked portions of the 249-amino-acid amino terminus. The phenotypes of cells expressing alleles that lacked all or most of the amino terminus were indistinguishable from those of rrm3⌬ cells. Rrm3p deletion derivatives that lacked smaller portions of the amino terminus were also defective, but the extent of replication pausing at tRNA genes, telomeres, and ribosomal DNA (rDNA) was not as great as in rrm3⌬ cells. Deleting only 62 amino acids from the middle of the amino terminus affected only rDNA replication, suggesting that the amino terminus can confer locus-specific effects. Cells expressing a fusion protein consisting of the Rrm3p amino terminus and the Pif1p helicase domain displayed defects similar to rrm3⌬ cells. These data demonstrate that the amino terminus of Rrm3p is essential for Rrm3p function. However, the helicase domain of Rrm3p also contributes to its functional specificity.
H ELICASES harness the energy of nucleotide hy-
Although most eukaryotes encode only a single Pif1 family member, S. cerevisiae is one of several single-celled drolysis to separate the two strands of duplex nueukaryotes that encode two Pif1 family members. Pif1p cleic acids. DNA helicases are essential for replication, and Rrm3p, as well as the single fission yeast Pif1 homorecombination, and repair while RNA helicases play critlog, called Pfh1p, are 5Ј to 3Ј DNA helicases as deterical roles in transcription, RNA processing, and translamined by in vitro assays (Foury and Kolodynski 1983 ; tion. Most DNA and RNA helicases contain seven motifs Ivessa et al. 2000; Zhou et al. 2000; . that are spread throughout a 200-to 700-amino-acid At least for Rrm3p and Pfh1p, this in vitro helicase activregion (Gorbalenya and Koonin 1993) . Because the ity does not require the amino terminus of the protein. seven helicase motifs are short and degenerate, their
Although the helicase domains of Pif1 homologs are presence alone does not confer significant similarity highly similar, the members of this family do not have upon two proteins that contain them. Rather, helicases identical functions. The fission yeast Pfh1p is essential are placed into families on the basis of more extensive and appears to function in a late stage of chromosome sequence similarities that occur both within the helicase replication (Tanaka et al. 2002; . In motifs and in other regions of the protein. For example, contrast, neither Pif1p nor Rrm3p is essential, and cells the Saccharomyces cerevisiae DNA helicase Rrm3p is a lacking both proteins are also viable (Schulz and Zakmember of the Pif1 family of DNA helicases of which ian 1994; Ivessa et al. 2000) . Pif1p plays an important Pif1p is the prototype member. Pif1 family members role in the maintenance of mitochondrial DNA (Foury have Ͼ30% similarity in all pairwise combinations over and Kolodynski 1983) and also inhibits telomerasean ‫-004ف‬amino-acid region that contains the helicase mediated lengthening of telomeres (Zhou et al. 2000; motifs (Zhou et al. 2000; Bessler et al. 2001) . However, Myung et al. 2001) , while Rrm3p functions in semiconthe amino termini of these homologs rapidly diverge (Fig- servative replication of chromosomal DNA. In the abure 1; Zhou et al. Bessler et al. 2001) , and the sence of Rrm3p, replication forks pause at an estimated region carboxy terminal to the helicase domain varies in 1400 discrete sites, including telomeres, tRNA genes, censize and sequence.
tromeres, inactive replication origins, transcriptional silencers, and multiple sites within the ribosomal DNA (rDNA; Ivessa et al. 2000 Ivessa et al. , 2003 . The helicase activity 1 et al. 2003) . The amino termini of Pif1p, Rrm3p, and bound to DNA. Disruption of these complexes eliminates dependence upon Rrm3p, leading to the proposal Pfh1p encode a signal sequence for mitochondrial import, although its functionality has been demonstrated only for that Rrm3p promotes fork movement past nonnucleosomal protein-DNA complexes (Ivessa et al. 2003; Pif1p (Figure 1 ; M. K. Mateyak and V. A. Zakian, unpublished results; Schulz and Zakian 1994; Zhou et al. et al. 2004a) .
The role of Rrm3p in fork progression has also been 2000, 2002) . Additionally, the amino terminus of Rrm3p contains a putative PCNA interaction motif and interfound to contribute to genome integrity, as its absence is correlated with replication fork breakage (Ivessa et al. acts with PCNA by yeast two-hybrid and in vitro translation assays ( Figure 1 ; Schmidt et al. 2002) . 2000, 2002, 2003) , site-specific increases in recombination (Ivessa et al. 2000 (Ivessa et al. , 2003 Keil and McWilliams In this article, we examine the function of the 249-amino-acid amino-terminal region of Rrm3p. Although 1993) , and elevated Ty transposition (Scholes et al. 2001) . The stalled and broken forks that accumulate in the amino terminus of Rrm3p is not required for helirrm3⌬ cells activate DNA checkpoints, as demonstrated case activity in vitro , this region was by the hyperphosphorylation of Rad53p, an effector kiessential for the replication function of Rrm3p in vivo nase for both the DNA damage and the intra-S-phase as well as for regulation of protein abundance. Additioncheckpoints (Ivessa et al. 2003; Torres et al. 2004b) .
ally, deletion of internal portions of the amino terminus Although rrm3⌬ cells are viable, this viability requires altered Rrm3p function, both diminishing its replicathe ability to activate DNA checkpoints. For example, tion activity and causing new phenotypes. The helicase rrm3⌬ cells that also lack Mec1p, the sensor kinase for domain of Rrm3p likely also contributes to in vivo speci-DNA checkpoints, are inviable at low temperatures ficity, as a hybrid protein having the amino-and carboxy- (Ivessa et al. 2003) . Likewise, when RRM3 is deleted terminal regions of Rrm3p fused to the helicase domain in conjunction with other genes encoding repair and of Pif1p was unable to supply the replication activity of checkpoint proteins, including SRS2 and RAD50, the Rrm3p. Amino-terminal deletion alleles that had some doubly mutant strains are not viable (Ivessa et al. 2003;  but not all of the replication defects of rrm3⌬ cells did Ooi et al. 2003; Weitao et al. 2003 ; Schmidt and Kolodnot activate Rad53p nor did they require the MEC1, ner 2004; Torres et al. 2004b) . This loss of viability is SRS2, or RAD50 genes for viability. Together, these relikely due to the inability to detect or repair the damage sults support a model in which a threshold of stalled caused by rrm3⌬-dependent replication fork stalling.
replication forks must be surpassed to activate the intraAlthough the S. cerevisiae Pif1 and Rrm3 proteins are S-phase checkpoint. 40% identical and 60% similar over their helicase domains, their ‫-052ف‬amino-acid amino termini have almost no similarity. The amino termini of helicases can MATERIALS AND METHODS serve a variety of functions. For example, the amino Yeast strains and methods: Yeast strains used are rrm3⌬ terminus of the human RecQ family Werner's helicase derivatives of VPS106 (Schulz and Zakian 1994; has an exonuclease domain (Huang et al. 1998; Suzuki al. 2000) or YPH499 (Sikorski and Hieter 1989) . In each et al. 1999), while the amino terminus of the S. cerevisiae experiment, these derivatives carried the centromere plasmid YCplac111 or the 2 plasmid YEplac181. These plasmids were RecQ homolog Sgs1p helicase interacts with topoisomused to express Rrm3p and the deletion allele series. The fullerase III (Gangloff et al. 1994; Bennett et al. 2000) and length Rrm3p was expressed from an ‫-0033ف‬bp fragment, may have an additional function that is independent of which contains 467 bp of sequence upstream of the start of the helicase domain (Mullen et al. 2000) . In other the open reading frame. All deletion alleles carried the same helicases, the amino terminus can recruit the helicase amount of upstream sequence. Western analysis and twodimensional gel electrophoresis (2D gels) were done in VPS to its site of action or promote dimerization (Wang and 
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strains, except for the Stu I gels, which were done with YPH (1996), except an eight-glycine linker was placed between the nine Myc epitopes and the carboxyl terminus of Rrm3p. strains. Cell viability assays were done in the rrm3⌬ YPH strains with deletions of other genes made as described was made by J. Torres as described in Longtine et al. (1998) . Southern blots and Western blots were used to et al. 2004a,b) . Chromatin immunoprecipitation (ChIP) was done in VPS strains carrying Fob1-13Myc. Strains and plasmids confirm correct tagging and protein expression. ChIPs were done as described in Wellinger et al. (1996) and Taggart used in this study are listed in Tables 1 and 2 , respectively.
Construction of Rrm3p mutant alleles:
A Pst I fragment conet al. (2002) except that Protein G Dynabeads (Dynal) were used and sonication levels were increased. DNA immunopretaining RRM3 was obtained from the L3000 plasmid, a gift from Ralph Keil (Keil and McWilliams 1993) , and cloned cipitated from Myc-tagged Fob1p was amplified using 23 cycles of multiplex PCR with a primer set surrounding the replication into YCplac111 (Gietz and Sugino 1988). The rrm3⌬2 -249, rrm3⌬2-234, rrm3⌬2-218, rrm3⌬2-194, and rrm3⌬2-177 alleles fork barrier (RFB) (RFBϩ CTCTGGAACTTGCCATCATCA TTC, RFBϪ GCAAAGATGGGTTGAAAGAGAAGG) and anwere made by using site-directed mutagenesis to convert the start codon of Rrm3p to an Nde I site (Mullen et al. 2000) .
other set flanking an internal region of 35S (35Sϩ TTGACT TACGTCGCAGTCCTCAGT, 35SϪ AGGACGTCATAGAGGG Another Nde I site was created at the position of various methionines (amino acids 234, 218, 194, and 177) . At amino acid TGAGAATC). Fold enrichment was quantitated using Eagle Eye images of gels, densitometric analysis with NIH Image 249, an Nde I site was engineered without a methionine codon present. The region between the two Nde I sites was removed 1.60, and the following equation: fold enrichment of Fob1p ϭ (Myc tag RFB/no tag RFB) ϫ (no tag 35S/Myc tag 35S). by digestion with Nde I and the rest of the plasmid was gel purified and then religated. The junctions were sequenced to Cell viability assays: Heterozygous RRM3/rrm3⌬ strains were constructed and the deletion was covered using pIA20, a URA3 ensure that proper ligation had occurred. The other deletions were made by digesting L3000 with Avr II (rrm3⌬3-139) or Spe I plasmid containing wild-type RRM3. The second gene of interest was then deleted. Strains were sporulated and spores with (rrm3⌬134-196, rrm3⌬121-211, and rrm3⌬53-202) followed by BAL31 digestion with aliquots taken at different time points.
the desired genotype and carrying the plasmid were recovered (Torres et al. 2004b) . rrm3 alleles were transformed into these BAL31-digested DNA was religated and sequenced to identify in frame deletions. Once deletion alleles were obtained they haploid strains on LEU2 plasmids. Strains carrying both plasmids were streaked to complete media lacking leucine (YCwere cloned into YCplac111.
The Rrm3-Pif1 fusion protein was constructed by digesting LEU) to allow for the loss of the URA3 plasmids. After 2 days, cells were streaked onto YC-LEU 5-fluoroorotic acid (5-FOA) YCplac111-RRM3 or YEplac181-RRM3 with Age I. The digested DNAs plus a PCR fragment containing the Pif1p helicase doplates and grown for 3 days at 23Њ (mec1⌬ sml1⌬ rrm3⌬) or 2 days at 30Њ (all other strains). main flanked by sequence from the Rrm3p amino terminus and the Rrm3p carboxyl terminus were cotransformed into Protein isolation, Western blotting, and gel methods: Protein isolation and Western blotting was done using a TCA an rrm3⌬ derivative of VPS. Recombination in yeast between the RRM3 sequences flanking the PIF1 DNA in the PCR fragmethod adopted from Pellicioli et al. (1999) as described in Ivessa et al. (2003) . A wet electrophoretic transfer in phosment and the RRM3 sequences on the plasmid generated the fusion protein.
phate buffer was used to transfer protein to nitrocellulose membranes, which were probed with anti-Rad53p (gift of J. Myc epitope tags and chromatin immunoprecipitation: Myc tagging was carried out as described in Wellinger et al.
Diffley), anti-Myc, or anti-actin (gift from M. Rose of antiserum made by T. Wang and A. Bretscher). All 2D gels were done such that the proteins carried nine Myc epitopes at the as described by Ivessa et al. (2000 Ivessa et al. ( , 2003 carboxyl end. This addition does not impair the ability 218, rrm3⌬2-194, and rrm3⌬2-177 compose a series of smaller amino-terminal deletions (numbers refer to deleted amino acids; i.e., rrm3⌬2-249 lacks amino acids 2-249) RESULTS ( Figures 1 and 2A ). We also constructed four alleles with The Rrm3p amino terminus negatively regulates Rrm3p more internal deletions in the amino terminus (rrm3⌬3-abundance: Rrm3p is 723 amino acids long and the first 139, rrm3⌬134-196, rrm3⌬121-211, and rrm3⌬53-202) . In helicase motif starts at amino acid 250 (Figure 1 ). To Figure 2B , the different amino-terminal deletion mudetermine the contribution of the amino terminus to the tants are grouped into three classes based upon their in vivo functions of Rrm3p, we constructed a series of deleoverall phenotypes, as determined by the experiments tions that removed different amounts of the amino termireported in this article.
Before examining the phenotypes of cells expressing nus ( Figure 2A ). The deletion alleles were modified these amino-terminal deletion alleles, we first estabtein, were detected. Because these degradation products were not detected by antiserum to the amino terminus of lished that each mutant protein was expressed. All alleles, including wild-type RRM3, were cloned into the Rrm3p, they are consistent with Rrm3p being degraded or cleaved within its amino terminus (data not shown). LEU2 centromere plasmid YCplac111 and expressed as Myc-tagged proteins under the control of the RRM3 By comparing Westerns from 10-, 30-, and 100-fold serially diluted proteins (Figure 3 ), we estimate that rrm3⌬134-promoter in an rrm3⌬ strain. Proteins were prepared from equivalent numbers of log phase cells for each strain, 196, rrm3⌬121-211, and rrm3⌬53-202 were expressed at levels that were roughly 10-fold higher than the wildseparated by electrophoresis, and visualized by Western analysis using anti-Myc antibody (Figure 3; asterisks inditype level, while rrm3⌬2-234 was expressed up to 100 times higher than the wild-type level. Alleles rrm3⌬2-cate expected positions for full-length proteins). For ease of comparison, we loaded 1:10 ( Figure 3A ), 1:30 (Figure 249, , and rrm3⌬3-139 were Ͼ10-fold but Ͻ100-fold overexpressed (sum-3B), and 1:100 ( Figure 3C ) dilutions of extract from strains expressing the deletion alleles. Membranes were stripped marized in Figure 2B ). Comparable or even much higher overexpression is seen for amino-terminally trunand reprobed with an anti-actin antibody to verify that extracts from the deletion strains contained similar cated versions of the S. cerevisiae Sgs1p DNA helicase (Mullen et al. 2000) . Although very high levels of overamounts of protein. The extracts from the RRM3 and the rrm3⌬ strains were not diluted.
expression of full-length Rrm3p from a GAL promoter cause slow growth (J. Z. Torres and V. A. Zakian, unAll of the deletion alleles produced stable protein (Figure 3) . In fact, all of the terminally deleted mutant proteins published results), none of the strains expressing the amino-terminal rrm3 deletion alleles had obvious growth were overexpressed relative to wild-type Rrm3p. In some cases, degradation products, in addition to full-length prodefects (data not shown). Since all of the mutant alleles Figure 3. -The Rrm3p amino terminus negatively regulates protein abundance. For each strain, proteins were extracted from equal numbers of cells, diluted as indicated, separated by SDS-PAGE, and analyzed by Western blotting using a monoclonal anti-Myc antibody (BD Biosciences Clonetech). The same membranes were also probed with anti-actin antibody to establish that similar amounts of protein were loaded for each of the strains expressing rrm3 deletion alleles. Positions of molecular weight markers are indicated. For each allele, the expected position of full-length protein is marked with an asterisk. In each strain, the YCplac111 plasmid alone or carrying an allele expressed from the RRM3 promoter was introduced into an rrm3⌬ strain. (A) A 1:10 dilution of protein extract was loaded for all lanes except the lanes with extracts from RRM3 (lane 1) and rrm3⌬ (lane 2) cells; i.e., 10 times more RRM3 and rrm3⌬ extract was loaded compared to the amount from each of the deletion alleles. (B) 1:30 dilutions of mutant protein extracts. (C) 1:100 dilutions of mutant protein extracts. Protein abundance was estimated from these gels. Note the band visible for rrm3⌬2-218 is a doublet. Western exposure times were varied according to the dilution level of the extracts from the rrm3 deletion alleles.
are expressed, any mutant phenotypes are not due to digested with the appropriate restriction enzyme, separated on 2D gels, and analyzed by Southern blotting. We lack of protein. In addition, we conclude that the amino terminus negatively regulates protein levels.
examined replication of an alanine tRNA gene (tRNA A , tA[AGC]F), the left telomere of chromosome VII, and Replication fork progression is altered in Rrm3p aminoterminal deletion alleles: In the absence of Rrm3p, replicathe rDNA in each of the nine amino-terminal deletion mutants. On the basis of their patterns of replication tion forks slow or stall at ‫0041ف‬ discrete sites, including tRNA genes, telomeres, and multiple sites within the through these three DNA substrates, the mutants fell into three classes. Four mutants had replication phenorDNA array (Ivessa et al. 2000 (Ivessa et al. , 2003 . These replication defects are detected using 2D agarose gel electrotypes indistinguishable from that of rrm3⌬ cells (class 1); four mutants were defective in replication but not phoresis (Brewer and Fangman 1987) . After separation by 2D gels, nonlinear replication intermediates migrate as defective as rrm3⌬ cells (class 2); one mutant had wild-type or nearly wild-type replication at tRNA A and more slowly than linear molecules of the same mass. In an asynchronous culture, most DNA molecules are nontelomere VII-L but a novel replication pattern in the rDNA (class 3; summarized in Figure 2B ). For ease of replicating and form a large spot (1N spot) on the arc of linear molecules (Figure 4 .1; arc of linears is indicated presentation, we show the results for only one mutant from each of the three classes for each DNA substrate. with a dashed line). Simple forked replication intermediates will emanate from the 1N spot and become inEven in wild-type cells, replication forks pause at tRNA A (Deshpande and Newlon 1996; Figure 4.2; indicreasingly nonlinear until the fork reaches the midpoint of the fragment (Figure 4 .1; arc of replication intermedicated by arrow), but this pausing is increased dramatically in rrm3⌬ cells (Ivessa et al. 2003; Figure 4.3) . In ates is indicated with a solid line). As replication progresses, the forked intermediates become increasingly addition, structures with the mobility expected for breakage of these stalled forks were detected (Martinlinear in shape until they reenter the arc of linear molecules when their replication is almost complete and
Parras et al. 1992; Figure 4 .3; indicated with asterisk). The pattern of tRNA A replication in cells carrying class 1 their mass is close to 2N. When replication forks are slowed or stopped at a specific site, they generate an area alleles (rrm3⌬2-249, rrm3⌬2-234, rrm3⌬2-218, and rrm3⌬ 2-194) was indistinguishable from that seen in rrm3⌬ of more intense hybridization on the arc of replication intermediates at the site of pausing (Figure 4 .1; pause cells (Figure 4 .4). In the four class 2 mutants (rrm3⌬2-177, rrm3⌬3-139, rrm3⌬121-211, and rrm3⌬53-202) , the site indicated by an arrow).
To determine if the amino-terminal rrm3 deletion extent of pausing at tRNA A was intermediate between that seen in wild-type and rrm3⌬ cells (Figure 4.5) . In alleles can supply the replication functions of Rrm3p, genomic DNA was isolated from asynchronous cultures, addition, replication fork breakage was not detected in replication forks paused as they moved through the ‫-003ف‬bp tract of telomeric DNA, and this telomeric pausing was exacerbated in rrm3⌬ cells (Figure 4 .8, WT; 9, rrm3⌬; position of telomere indicated by arrow). Also as shown previously, another pause mapping to a site within the adh4 gene was detected in rrm3⌬ but not in wild-type cells (Figure 4 .9; indicated with asterisk). Cells expressing class 1 rrm3 alleles showed both the increased pausing within the VII-L telomere and the adh4 pause, again making replication in these mutants indistinguishable from rrm3⌬ cells (Figure 4 .10). Although the four class 2 mutants had a telomere pause similar to that in rrm3⌬ cells, the pause within adh4 was barely detectable (Figure 4 .11). Thus, as at tRNA A , the telomere replication phenotype for class 2 mutants was intermediate between that of wild-type cells and cells lacking Rrm3p. The class 3 mutant had a telomere replication pattern similar to that of wild-type cells (Figure 4.12) .
We also examined replication through the rDNA locus. S. cerevisiae rDNA is organized into ‫051ف‬ tandem 9.1-kbp repeat units. Each repeat contains the 5S and 35S rRNA genes, a potential origin of replication (ARS), and an RFB. Even though each repeat contains an ARS, only ‫%02ف‬ of these ARSs are active in a given cell cycle (Brewer and Fangman 1988; Linskens and Huberman 1988; Pasero et al. 2002) . Therefore, the pattern of replication intermediates in the rDNA 2D gels is a composite of repeats that contain an active origin and repeats that are replicated from a fork initiated in another increases (Ivessa et al. 2000) . In addition, sites that do example is shown from each class. DNA from the indicated not cause replication fork slowing in wild-type cells are strains was digested with Bgl II (tRNA gels) or Cla I (telomere gels), separated by 2D gels, and analyzed by Southern blotting pause sites in rrm3⌬ cells (Ivessa et al. 2000) . In rrm3⌬ mapping of pause sites, see Ivessa et al. 2000) .
To examine rDNA replication, DNA was digested with BglII, which produces a 4.5-kbp fragment with the RFB any of the class 2 mutants. The class 3 mutant rrm3⌬134-196 exhibited a replication pattern at tRNA A indistinin the middle of the fragment. Because of the pausing of rightward moving forks at the RFB (in addition to guishable from that of wild-type cells (Figure 4 .6).
Next we examined replication through the chromothe arrest of leftward moving forks at this site), the amount of signal at the RFB in Bgl II-digested DNA is some VII-L telomere (Figure 4 .7). For these experiments, the chromosome VII-L telomere was modified about two times higher in rrm3⌬ cells than in wild-type cells (Ivessa et al. 2000; Torres et al. 2004a) . rDNA by insertion of URA3 into the ADH4 gene, which deletes the subtelomeric repeats and a portion of ADH4. As replication in cells expressing class 1 alleles (rrm3⌬2-249, rrm3⌬2-234, rrm3⌬2-218, and rrm3⌬2-194) had the shown previously , in wild-type cells, same rDNA replication pattern as in rrm3⌬ cells ( Figure  5 .4). The class 2 mutants (rrm3⌬2-177, rrm3⌬3-139, rrm3⌬121-211, and rrm3⌬53-202) again had a phenotype between that of wild-type and that of rrm3⌬ cells ( Figure  5 .5). Converged forks were more abundant than in wildtype cells but less frequent than in rrm3⌬ cells. Additionally, replication forks paused at most of the rrm3⌬-dependent sites, but the extent of pausing was lower than in rrm3⌬ cells. The class 3 mutant rrm3⌬134-196 exhibited a unique rDNA phenotype (Figure 5 .6). In this mutant, pausing at the RFB was not localized to a discrete spot but rather occurred over a larger area surrounding the RFB. In addition, there were even fewer converged forks than in wild-type cells, while all other deletion alleles showed more converged forks. In addition, pauses at the ARS, 5S, and 35S genes were not detected.
To confirm the novel RFB phenotype in the class 3 mutant, we examined rDNA replication in rrm3⌬134-196 cells after digestion with StuI. This digest produces a fragment of ‫0.5ف‬ kbp in which the ARS is in the middle of the fragment. The subset of repeats with active origins generates bubble-shaped replication intermediates (Figure 5 .7; BU). Forks stalled or converged at the RFB migrate on the arc of forked intermediates near the position of fully replicated (2N) molecules (Figure 5.7; RFB and X). As in BglII-digested DNA, the RFB appeared less discrete in StuI-digested DNA from rrm3⌬134-196 cells than in wild-type cells, and again, converged forks were almost absent. Pausing was not detectable at the 5S, 35S, and ARS sites, and the frequency of initiation was not detectably altered ( Figure  5 .10; compare to 8 and 9).
The class 3 mutant phenotype is Fob1p dependent: Fob1p binds to the RFB (Huang and Moazed 2003) and is essential for RFB function (Kobayashi and Horiuchi 1996) . In the rrm3⌬134-196 mutant, fork arrest at the 6B). These values are not significantly different by the (Figure 5.13) . This mutant had a replication pattern that was indistinguishable from a fob1⌬ strain ( Figure  5.11) . Thus, the presence of a functional RFB was necessary for the unusual rDNA replication pattern of the rrm3⌬134-196 mutant.
The amino terminus of Rrm3p is required for viability in the absence of DNA repair proteins: The pausing and breakage of replication forks that characterize rrm3⌬ cells make them dependent upon checkpoint and repair proteins for viability (see Introduction). For example, mec1⌬ sml1⌬ rrm3⌬ cells are not viable at 23Њ (Ivessa et al. 2003) . [All mec1⌬ strains used in this study are also The deletion alleles were introduced on the LEU2 plasmid YCplac111 into rrm3⌬ cells that also lacked MEC1 SML1, SRS2, or RAD50. These strains carried a wild-type criterion of a t-test (P Ͻ 0.05). rrm3⌬ cells also showed copy of RRM3 on the URA3 plasmid pIA20. Because a similar level of Fob1p association at the RFB (J. B. cells expressing Ura3p are not viable on medium conBessler and V. A. Zakian, unpublished results). Fob1p taining the drug 5-FOA (Boeke et al. 1987) , only cells binding was specific for the RFB, as the 35S sequence that retain viability upon loss of pIA20 and thus have was not enriched in the anti-Myc immunoprecipitate only mutant Rrm3p will grow on 5-FOA media. The from either strain ( Figure 6B) . Thus, the altered pattern rrm3⌬ mec1⌬ sml1⌬ cells carrying the largest amino-terof replication through the RFB in rrm3⌬134-196 was not minal deletions (class 1 alleles: rrm3⌬2-249, rrm3⌬2-234, due to impaired did not grow on 5-FOA As shown previously (Torres et al. 2004a) , the two medium, while strains expressing class 2 and class 3 rrm3⌬-dependent defects at the RFB, the pausing of alleles were viable in the absence of Mec1p (rrm3⌬2-177, rightward moving forks, and the large increase in conrrm3⌬3-139, rrm3⌬134-196, rrm3⌬121-211 , and rrm3⌬53-verged forks are Fob1p dependent ( Figure 5 .11). How-202; for ease of presentation, only one example from ever, other rrm3⌬-dependent rDNA pauses, such as the each mutant class is shown in Figure 7A ). The mec1⌬ pause at inactive ARSs, are not diminished in a fob1⌬ sml1⌬ strains expressing class 2 and class 3 alleles grew as rrm3⌬ strain (Torres et al. 2004a ). In addition, there well as RRM3 mec1⌬ sml1⌬ cells (data not shown). The is a new pause in fob1⌬ rrm3⌬ rDNA that was not detected same result was obtained with rrm3⌬ srs2⌬ and rrm3⌬ in either wild-type or rrm3⌬ cells (Figure 5 .12; leftward rad50⌬ cells: srs2⌬ and rad50⌬ cells expressing class 1 rrm3 moving forks pausing at an inactive ARS is indicated by alleles were not viable, while srs2⌬ and rad50⌬ strains thin arrowhead; Torres et al. 2004a) . Additional new expressing class 2 and 3 alleles were viable and grew as pauses are seen with different digests (Torres et al. well as singly mutant strains (data not shown). Thus, 2004a). These pauses are attributed to the passage of the amino terminus of Rrm3p is required to prevent leftward moving forks past parts of the rDNA through lethality in the absence of checkpoint or repair proteins. which they do not normally move, as normally leftward However, as little as 72 amino acids of the Rrm3p amino forks are arrested at the RFB by Fob1p.
terminus, as in rrm3⌬2-177, were sufficient for viability The unusual pattern of rDNA replication in the in checkpoint-or repair-deficient rrm3⌬ cells. rrm3⌬134-196 strain might be due to pausing at a new Activation of the intra-S-phase checkpoint requires site in rDNA. Alternatively, the novel replication pattern the Mec1p-dependent phosphorylation of the kinase near the RFB in the rrm3⌬134-196 strain could be due Rad53p. Rad53p hyperphosphorylation can be visualto altered replication through the RFB. If the second ized as the presence of higher molecular weight forms model is correct, the elongated pause around the RFB of Rad53p on a Western blot (Sanchez et al. 1996) . should be Fob1p dependent. To test this possibility, we Extracts were prepared from rrm3⌬ cells carrying a centromere plasmid without an insert or the same plasmid examined rDNA replication in a fob1⌬ rrm3⌬134-196 strain ting, using an anti-Rad53p serum ( Figure 7B ). As restrain. Strains were grown at 23Њ for 3 days on YC-LEU 5-FOA ported previously (Ivessa et al. 2003 -234, rrm3⌬2-218, and rrm3⌬2-194) was indistinguishable from that of rrm3⌬ cells. However, Rad53p was not fully phosphorylated in any of the class 2 or helicase domains, their amino termini are not related, the class 3 deletion alleles (Rad53p might be partially and their in vivo functions are quite different (see Introactivated in rrm3⌬53-202 cells; Figure 7B ). Thus, even duction). To determine if the amino terminus of Rrm3p though cells expressing class 2 mutant alleles showed repliconfers functional specificity on its helicase domain, we cation defects at multiple rrm3-dependent loci (summagenerated an Myc-tagged hybrid protein consisting of rized in Figure 2B ), the extent of replication pausing in the Rrm3p amino terminus, the Pif1p helicase domain, these mutants was not sufficient to fully activate the and the Rrm3p carboxyl terminus and expressed it from intra-S-phase checkpoint.
rrm3⌬2
the RRM3 promoter ( Figure 8A ). Because the helicase The helicase domains of Rrm3p are also required for domain of Pif1p is 41 amino acids larger than the correhelicase specificity: This article shows that the amino sponding region of Rrm3p, this hybrid protein was 41 terminus of Rrm3p is needed for its replication function amino acids longer than wild-type Rrm3p. We do not at tRNA A , telomere VII-L, and the rDNA (Figures 4 and  5) . While Rrm3p and Pif1p are 60% similar within their know if the Pif1p helicase domain in the Rrm3-Pif1 fusion protein has helicase activity in vitro; the helicase Rad53p and inviability when MEC1, SRS2, or RAD50 was deleted ( Figure 7) . As all of the deletion proteins were domains of both Rrm3p and the Schizosaccharomyces pombe Pfh1p have helicase activity comparable to full-length expressed, their mutant phenotypes cannot be attributed to lack of protein. Indeed, each of the class 1 alleles Pif1p (Zhou et al. 2000 . Western analysis revealed that this fusion protein was expressed was expressed at levels that were roughly 10-100 times higher than wild-type Rrm3p levels (Figure 3 ; summaat modestly reduced levels compared to wild-type Rrm3p ( Figure 8B) . A Pif1p amino terminus-Rrm3p helicase dorized in Figure 2B ) and in some cases degradation products were visible. Similarly, amino-terminally deleted main hybrid protein was also constructed. Although DNA sequencing confirmed that the clone was properly conversions of Sgs1p are overexpressed and often degraded (Mullen et al. 2000) . However, we do not believe the structed, by the criterion of Western analysis, this fusion protein was not expressed.
degradation products account for the phenotypes described in this article, as the presence of the smaller Several experiments were done to determine if the Rrm3-Pif1 fusion protein could supply the replication proteins did not correlate with any set of phenotypes. For example, rrm3⌬2-234 had almost no degradation function of Rrm3p. First, we asked if the hybrid protein could suppress the inviability of cells deleted for RRM3 products, while rrm3⌬2-194 showed extensive degradation (Figure 3) . Nonetheless, cells expressing these alin conjunction with srs2⌬, rad50⌬ or mec1⌬ sml1⌬. In each case, the doubly mutant cells were inviable without the leles had indistinguishable phenotypes ( Figure 2B ). Additionally, although we cannot rule out the possiplasmid-borne RRM3 ( Figure 8C and data not shown). The inability of the Rrm3-Pif1 fusion protein to support bility that the mutant phenotypes of the class 1 alleles were due to protein overexpression, we consider this viability held true even when the fusion protein was expressed at higher levels by placing the construct on interpretation unlikely, as overexpression of full-length Rrm3p from a high-copy-number 2 plasmid did not a multicopy 2 plasmid (data not shown). We also examined rDNA replication in cells expressing the hybrid affect DNA replication by 2D gels (J. B. Bessler and V. A. Zakian, unpublished results). Also, none of the protein. Cells expressing the hybrid protein had an rDNA replication phenotype indistinguishable from class 1 alleles had an evident effect on growth rates while very high level overexpression of Rrm3p from a that of rrm3⌬ cells ( Figure 8D ). Taken together, these data indicate that the helicase domain of Rrm3p also galactose-inducible promoter inhibits cell growth (J. Z. Ivessa et al. 2000) . Thus, in addition to its role in promoting replication, termini are diverse. For example, the two S. cerevisiae Pif1 family members, Pif1p and Rrm3p, are 60% similar the amino terminus of Rrm3p negatively regulates protein abundance. within their ‫-054ف‬amino-acid helicase domain but have no significant similarity within their ‫-052ف‬amino-acid Another possible explanation for the null phenotypes of class 1 alleles is that these proteins fail to enter the amino termini (Figure 1) . Since a truncated Rrm3p that lacks the first 194 amino acids of the protein has ATPase nucleus. Although one program (predictNLS;//maple. bioc.columbia.edu/predictNLS) did not predict a nuclear and 5Ј to 3Ј DNA helicase activity, the amino terminus is not required for in vitro activity .
localization signal (NLS) in Rrm3p, another (PSORTII;/ / psort.ims.u-tokyo.ac.jpl/form2.html; Nakai and Horton This article examines the in vivo function of the Rrm3p amino terminus. We constructed a series of alleles that 1999) detected three elements that meet the minimal criteria for an NLS (at amino acids 106, 186, and 204; lacked all or part of the amino terminus of Rrm3p (Figure 2A) and tested their ability to support fork progres- Figure 1 , putative NLSs are underlined). If the null phenotypes of class 1 alleles are due solely to their failure sion at three Rrm3p-dependent loci, to suppress activation of DNA checkpoints, and to maintain viability in to be nuclear localized, then there must be an NLS between amino acids 177 and 194, as rrm3⌬2-194 is a the absence of checkpoint and repair genes.
By each of these in vivo assays, the amino terminus nonfunctional class 1 allele and rrm3⌬2-177 is a partially functional class 2 allele and therefore must be able to of Rrm3p was essential for Rrm3p function. Strains expressing the four largest amino-terminal deletion alenter the nucleus. Indeed, one of the minimal NLS elements predicted by PSORTII is in this region. Howleles, which contained 0-55 amino acids of the amino terminus, had phenotypes indistinguishable from an ever, rrm3⌬53-202 is also a class 2 allele so it too must be nuclear localized yet this allele lacks amino acids rrm3⌬ strain: cells expressing these class 1 alleles showed rrm3⌬-like levels of replication fork pausing at rDNA, [177] [178] [179] [180] [181] [182] [183] [184] [185] [186] [187] [188] [189] [190] [191] [192] [193] [194] . Therefore, to explain the functionality of the different amino-terminal deletion alleles by the presat telomeric and subtelomeric loci, and at tRNA A (Figures 4 and 5) , as well as hyperphosphorylation of ence or absence of an NLS, one must invoke a second NLS in amino acids 1-53. However, this region is not RFB binding proteins and Rrm3p. Although we cannot eliminate this model, we did not detect an interaction predicted to have even a minimal NLS. Thus, it is difficult to explain the phenotypes of the rrm3 amino-termibetween Fob1p and Rrm3p by co-immunoprecipitation or two-hybrid experiments (data not shown). nal deletion alleles by nuclear localization alone. Moreover, at least the smallest deletion derivatives are Another possibility is that Rrm3⌬134-196p is a more potent helicase than wild-type Rrm3p. A more active probably small enough to enter the nucleus by diffusion. Finally, we used immunofluorescence microscopy to exRrm3p might increase the probability that leftward moving forks can move past the RFB-protein complex, reamine cells expressing Rrm3⌬2-249p and Rrm3⌬2-194p, the largest and smallest amino-terminal deletion derivasulting in less pausing and fewer converged forks at the RFB. This model predicts that pausing at other Rrm3p-tives that had null phenotypes, and found that neither protein was excluded from the nucleus (M. Mondoux dependent sites might also be reduced in rrm3⌬134-196 cells. Although we saw no suggestion for decreased and V. A. Zakian, unpublished results). Therefore, it is unlikely that failure to enter the nucleus is the explapausing at tRNA A in rrm3⌬134-196 cells (Figure 4 .6), there was a modest decrease in pausing through the nation for the null phenotypes of class 1 alleles.
Class 2 alleles, which had smaller amino-terminal de-VII-L telomere, although this difference was small and could not be quantitated with confidence (Figure 4 ; letions, were also defective in DNA replication at all three loci (Figures 4 and 5) . Deleting either the terminal compare 12 and 8). The rrm3⌬134-196 allele is the only one we isolated that appears to have locus-specific effects 136 amino acids from or 90 amino acids from the center of the amino terminus (rrm3⌬121-on replication. The model that Rrm3⌬134-196p is a more active helicase is probably best tested by in vitro 211) was sufficient to reduce the ability of the protein to promote fork progression at multiple sites. However, assays, but we are unable to purify Rrm3p containing large portions of its amino terminus . at each locus, the extent of pausing was not as great in cells expressing class 2 alleles as it was in an rrm3⌬ strain.
However, there is precedent for negative regulation of helicase activity by a portion of the amino terminus, as an Moreover, cells expressing class 2 alleles did not fully phosphorylate Rad53p nor were they dependent on Mec1p, amino-terminal deletion derivative of the yeast helicase Dna2p has higher specific activity by in vitro assays than Srs2p, or Rad50p for viability (Figure 7 ). Current models propose that the intra-S-phase checkpoint is activated does full-length protein (Bae et al. 2001) . In addition, the amino terminus of Sgs1p is proposed to contain only once the number of stalled replication forks exceeds a certain threshold (Shimada et al. 2002;  Tercero multiple activator and repressor domains, which can modulate helicase activity in vivo (Mullen et al. 2000) . et al. 2003) . Our results with the class 2 rrm3 deletion alleles support a threshold model for activation of the The presence of repressor and activator domains in the amino terminus of Rrm3p would also explain the intra-S-phase checkpoint, as reducing the extent of replication fork pausing at the many rrm3-dependent pause intermediate phenotypes of the class 2 alleles. These domains could be protein interaction sites or affect prosites obviated the dependence of class 2 mutant cells on checkpoint and repair genes and did not hyperphostein folding and hence helicase activity. We also constructed a fusion protein consisting of phorylate Rad53p (Figure 7) .
One deletion allele, rrm3⌬134-196, the smallest delethe Rrm3p amino terminus fused to the helicase domain of the highly related Pif1p (Figure 8 ). The failure of tion examined, had a novel phenotype. In most respects, this allele was similar to wild type: replication pausing the Rrm3-Pif1 fusion protein to supply Rrm3p function is unlikely due to insufficient protein, as the very small at tRNA A and telomere VII-L was comparable to that in wild-type cells, none of the rrm3-specific pauses in rDNA amount of Rrm3p expressed from a galactose-inducible promoter in glucose grown cells is sufficient to confer were seen, initiation of replication in rDNA was not altered, Rad53p was not hyperphosphorylated, and cells viability on an rrm3 sgs1 strain (J. Z. Torres and V. A. Zakian, unpublished results). Additionally, the fusion expressing this allele did not require checkpoint or repair genes for viability. However, pausing at the RFB was protein failed to supply Rrm3p function even when overexpressed from a high copy plasmid. These data suggest perturbed: the arrest at the RFB was less discrete and the abundance of forks converged at the RFB was even lower that both the amino terminus and the specific amino acid sequence of its helicase domain are required to than in wild-type cells (Figure 5, (7) (8) (9) (10) (11) (12) (13) . Several models can explain the phenotypes of rrm3⌬134-196 cells. For enable Rrm3p to promote fork progression. The data in this article show that the amino terminus example, Rrm3p could play a role in forming the protein complex at the RFB, and the rrm3⌬134-196 protein is a negative regulator of Rrm3p abundance and also is required for the role of Rrm3p in moving replication could be defective for this function. However, this model is unlikely, as Fob1p binding to the RFB was not forks past protein-DNA complexes. Most of the amino terminus is required for these in vivo functions, as deletperturbed in rrm3⌬134-196 cells (Figure 6 ). Alternatively, the deletion could disrupt a protein interaction ing as little as 90 amino acids, as in rrm3⌬121-211, reduced its replication activity at multiple loci. The redomain that is required for Rrm3p to recognize the RFB. This model predicts a direct interaction between quirement for the amino terminus did not map to a
